The goal of the study was to assess the levels of plant available nutrients in the soils of the Antarctic oasis of Point Thomas in the vicinity of Polish Antarctic Station H. Arctowski. Antarctic soils are undergoing transformations in the era of climatic changes and it is important to quantify changes in soil properties and determine the relationships between soil properties and ecological gradient. Total C and N were determined using CN analyser, mineral forms of nitrogen were determined colorimetrically, plant available P and K was analysed with EgnerRiehm method, Mg with Schachtschabel method and Fe, Mn, Cu, Zn were determined in 1M KCl using AAS (Atomic Absorption Spectrometry) method. The amounts of analysed compounds were dependent on organic matter, which was influenced by plant succession, and in some sites by the activity of seabirds. Most of organic matter was accumulated in the vicinity of penguin colony. All studied soils were abundant in plant available forms of studied macro-and micronutrients. In addition to translocation of biogens (mainly N and P) from the sea to the land by piscivorous birds, a dispersion of biogens on the entire ice-free area occurs. It is related to the occasional appearance of scua as well as the eolian topsoil dust input.
Introduction
Soil formation in Antarctica is restricted to less than 0.35% of the continent. Soils cover ice-free areas located mostly along the coastal zone of West Antarctic Peninsula (Simas et al., 2008) . Those regions have the coldest climates on Earth. Therefore, the processes of mechanical weathering (frost weathering) dominate over chemical ones. The most important soil-forming factors in this region are bedrock and time (Bölter 2011; Beyer et al. 2000; Simas et al. 2015; Vlasov et al. 2005) . In polar regions, a very important role in soil formation is also played by permafrost, which occurs within the first meter below the surface, which has a dominant influence on soil properties, including the circulation of water and nutrients. Antarctic soils are described as young with poor stratification (poor development of genetic horizons), high content of coarse skeletal fractions and low content of organic matter (Bölter, 2011) . Generally, these are shallow soils presenting lithic or paralithic contact within the first meter of the soil profile (Francelino et al., 2011) . Soils are also influenced by cryoturbic processes -the translocation of soil materials in various directions, also upwards, as a consequence of freezing and unfreezing. In most soils, coarse mineral fractions (stones and gravel) prevail, as a result of the predominance of frost weathering. The cryoturbic processes lead to the increase of silt and clay fractions. Solifluction ("flowing" of soil on the slope, especially when the mass of soil is heavy due to high water content) and cryoturbation hamper the colonization of vascular plants and this results in stone ring polygons on plateaux and garlands on slopes (Beyer and Bölter, 2012) . High spatial variability of soil-forming factors and soils occurs over meter scales (Beyer et al., 2000; Cannone et al., 2008; Smykla et al., 2015) . Soils of circumpolar and high mountain regions have attracted the attention of researchers for a long time. However, despite numerous studies, these soils are still relatively poorly recognized due to their inaccessible location and extreme environmental conditions. Climate change and the related retreat of glaciers provide the possibility to study the colonization of exposed surfaces colonization by plants and soil development (Bölter, 2011; Kabała and Zapart, 2012) .
Study of the processes occurring in the vicinity of glaciers can help to explain the genesis of soils occurring over large areas covered by continental glaciation in Pleistocene. Accumulation and transformation of organic matter are important processes in soil development in polar regions. Accumulation of organic matter occurs under plant communities (Otero et al., 2013) .
Due to specific climatic factors, especially low temperatures and a short growing season, primary production in the polar regions is very low. In the same sites and for the same reasons the mineralization of organic matter also occurs slowly (Świtoniak et al., 2014; Ping et al., 2015) . Generally, the scarcity of water in the liquid state limits biological and chemical processes. However, in some habitats, high humidity also inhibits the processes of mineralization (decomposition) of soil organic matter. In these sites, high amounts of organic matter formed over the soil surface, may accumulate in the form of peat-like material.
Although Antarctic regions are little exposed to direct human impact, more tourists visit these areas every year and as a result increased amounts of xenobiotics are found in the soils around scientific stations (Ugolini and Bockheim, 2008) .
The soils in the Antarctic region are not abundant in nutrients. However, locally, the amount of nutrients can be high or very high, modified by organic and inorganic inputs from marine aerosols, guano deposits (mainly from penguins and pinnipeds gathering in huge breeding colonies) and marine algae (mostly The soils in the Antarctic region are not abundant in nutrients. However, locally, the amount of nutrients can be high or very high, modified by organic and inorganic inputs from marine aerosols, guano deposits (mainly from penguins and pinnipeds gathering in huge breeding colonies) and marine algae (mostly macroalgae) deposited on the seashore (Tatur and Myrcha, 1984; Nędzarek, 2008; Pereira et al., 2013) .
Large amounts of nitrogen accumulated in soils are transformed, which rate can be accelerated during warm periods/climate warming. Transformation of nitrogen forms leads to the release of nitrous oxide (N 2 O), which is a potent greenhouse gas (Carvajal et al., 2016) . As a result of the specific soil forming process termed phosphatization, ornithogenic soils develop (Tatur and Myrcha, 1984) . They have enhanced content of organic matter, including biolithic elements, such as P, N, K, low soil reaction (pH) and base saturation and are usually covered by continuous vegetation of Deschampsia antarctica and Colobanthus quitensis and/or Prasiola crispa -green algae (Androsiuk et al., 2015) . Although the knowledge of geochemistry (Simas et al., 2015) in polar regions has increased in recent years, still little is known about the concentrations of nutrients available to plants. Generally, antarctic regions are little exposed to direct human impact, but more tourists visit these areas every year and consequently more xenobiotics are found in the soils around scientific stations (Ugolini and Bockheim, 2008) .
The aim of this paper was to assess the levels of plant available macro-and micronutrients and their variability in soils of the Arctowski region. An important aspect of the study was to determine the relationships between soil properties and the ecological gradient (gradients created as a result of spatial shifts in land elevation, distance from the sea, etc.) and to quantify changes in soil properties which may be associated with organic carbon accumulation in the top layer of the soil profile.
Material and Methods

Study area
The study area was near the Polish Antarctic Station H.
Arctowski situated on the western shore of Admiralty Bay, King George Island, (South Shetland Islands), which covers ca. 1310 km2 and is located some 100 km north of the Antarctic Peninsula (Birkenmajer, 2002) . The ice-free area of the island covers ca. 8%
and is influenced by soil forming factors (Bölter, 2011) . The mean annual temperature is -2.7 °C, and the precipitation is 510 mm near the station. In summer, the mean daily temperature is above 0.1 °C at sea level and precipitation is higher than 100 mm. Favorable environmental conditions and good accessibility make the station very exposed to scientific and touristic activity. In three austral summer seasons (2006/7; 2007/8 and 2008/9) over 13 thousand tourists visited the station. During this period, the station hosted 103 expeditioners (20 in winter and 83 in summer groups) which had an impact on aspects of the environment.
The soil parent material that predominates in the Arctowski region constitutes mainly volcanic rock (andesite basalts and their pyroclastics). However, in lower parts of the relief, sedimentary rocks prevail (Bölter, 2011) . During long-term monitoring studies carried out at King George Island, typical zones of colonization and primary succession on the outskirts of glaciers, further from the sea and at a higher altitude were noted.
In these zones, the occurrence of various cryptograms (fungi, lichens, mosses and liverworts) and two native flowering plants, representative of the Caryophyllaceae, Colobanthus quitensis and grass Deschampsia antarctica are different. In 1985, Poa annua, an alien grass species, appeared on King George Island. It initially was found only in the immediate vicinity of the Station, but now has spread further on the island (Hughes et al., 2015) . 
Laboratory analyses
After unfreezing, mineral forms of nitrogen and N-NH 4 ) in the samples were immediately measured after extraction in 0.01 M CaCl 2 dm -3 by the colorimetry flow method. Other analyses were carried out in air-dry soil samples after sieving through a 2.0 mm mesh using standard soil laboratory methods.
Soil texture of finer fractions (diameter less than 2.00 mm) was analysed using laser diffraction method with
Mastersizer 2000 (Malvern Instruments Ltd., UK).
Loss-on-ignition (LOI) was determined after dry ashing of soil samples for 6 hours at a temperature of The content of plant available phosphorus and potassium was analysed using Egner-Riehm method (Egnér at al., 1960) 
Statistical analyses
Pearson's linear correlations were used to assess relationships between soil properties studied. Differences in soil properties and nutrients among the eight studied localities were analysed by the Kruskal-Wallis rank sum test. If differences were observed at p<0.05, Dunn's post-hoc test for multiple comparisons was then used. The nonparametric Kruskal-Wallis test was used together with Dunn's post-hoc test because the data did not meet the assumptions of one way Anova.
All statistical analyses were performed using STA-TISTICA 10 (StatSoft, Poland).
Principal component analysis (PCA) was applied to
show relationships between studied variables as well as between studied localities. A set of 22 original variables was transformed into a set of orthogonal variables (principal components). Due to the differences in units of the variables, the data were subjected to standardization, and the principal components were calculated based on the correlation matrix.
Results
General site and soil characteristics
The first two sites (Penguin Rock, Rakusa Point) are similar ( 
Soil texture
The investigated soils are rich in gravel particles, which is typical for polar regions. Among fractions with diameter less than 2.0 mm, sand prevailed, which enabled classification of the soils of sites 1, 2, 3, 5, 6
and 8 as S -sand texture class, and the soils of sites 4 and 7 as SL -sandy loam class (Table 2 ). In the soils of sites 4 and 7, the sand fraction was lower and amounted to 62.45% and 65.21%, respectively and the silt fraction amounted to 34.42% and 31.03%, respectively. The silt fraction in the investigated soils ranged widely, with a coefficient of variation (CV) amounting to 78.62%, which was related to the process of frost weathering. The clay fraction is low, 1.09% on average, with a high coefficient of variation (132.16%). The differences in the proportions of sand, silt and clay were significant, especially between sites 1, 2 and 4, 7 ( Table 2 . Mean values of general soil properties with standard deviation (SD) and coefficient of variation (CV, %). In each column, significant differences observed at p< 0.05 after the Kruskal-Wallis test followed by Dunn's post-hoc test are marked by different letters.
General chemical soil properties
The amount of OM ranged widely -2.33-12.46% on average ( Table 2 ). The organic matter content was related to plant cover and the activities of avifauna.
The lowest level of OM was found in the soils at site 7 (the youngest moraine of Ecology Glacier) and the highest at site 2 (penguin area). OM and TOC are always closely related and the average TOC content amounted to 33.22 g kg -1 , with a high coefficient of variation (101.4%). The differences in TOC amounts were significant, especially between sites 1, 2 and 4, 8 (Table 2) . TN content ranged between 0.17 g kg -1 and 8.86 g kg-1 with a higher CV than in case of TOC.
The highest TN content was found in the soils at sites 2 and 1 (respectively 8.86 and 6.86 g kg -1 ), which is related to the activity of avifauna. The average content of nitrogen in all soils amounted to 2.79 g kg -1 , with coefficient of variation of 126.12%. The differences in TN amounts were significant, especially between sites 1, 2 and 4, 7, 8 ( coefficient of variation (28.23%). The lowest BS was found in the soil at site 5 (33.54%), and the highest in the soils at sites 4, 7 and 8 (> 90%). The differences in CEC amounts were insignificant (Table 2) .
Content of Macro-and Micronutrients
Plant available forms of phosphorus were within wide limits (35.77-310.68 mg kg -1
) and showed a dependence on present (sites 1, 2, 3) and past activities of birds (Table 3 ). In other studied soils, the phosphorus content was related to the progress of soil forming process and vegetation. The average content of phosphorus in studied soils was 168.01 mg kg -1 . Phosphorus content correlated with potassium content, with the greatest amounts found in the soils at site 1 (627.31 mg kg -1 ). The average potassium content in studied soils amounted to 262.47 mg kg -1
. It should be noted that the coefficients of variation for phosphorus and potassium were similar (Table 3) , which suggests similar type of circulation and accumulation of these nutrients in the soils studied. ) and 3 (6.31 mg kg
). In other soils ammonium ion content was low, less than 1.0 mg kg -1 . It should be noted that in the soils at sites 1, 2, 3, and 5, the amount of ammonium ion was much higher than the amount of nitrate ion. In other soils the amount of nitrate ion was higher than the amount of ammonium ion. , respectively) and is associated with bioaccumulation under the influence of birds. The boron content varied greatly (CV 166.64%). The highest amounts were observed in the soils at site 5 (11.10 mg kg -1 ) and lower in the soils at sites 1, 2 and 3. In other soils it was less than 1.0 mg kg -1 .
Relations between Components
Analysis of correlation matrix (Table 4) .01) suggests adsorption of P by iron oxides associated with humic substances (Redel et al., 2016) . 
Discussion
Soil texture
The studied soils were formed from unsorted parent materials and have shallow soil profiles. They cover the cracks between major rock parts (sites 1 and 2) and were classified as Leptosols. The soils at site 6 were developed on the scree debris and the other soils on the morainal postglacial sediments exposed by the glacier at different times (Table 1) . Therefore, the studied soils contain high amounts of coarse fraction with diameter > 2 mm. Studied soils contain between 45 and 73% of gravel and these contents can be ordered as follows: site 8 (45%) > site 4 (53%) > site 2 (59%) > site 1 (62%)
> site 5 (63%) > site 6 (68%) > site 7 (71%) > site 3 (73%). High amount of coarse fractions are typical for Antarctic soils (e.g. Simas et al., 2008; Francelino et al., 2011; Simas et al., 2015) .
In soils of maritime Antarctica, physical weathering prevails, associated with the cryogenic processes resulting from freeze-thaw cycles. The chemical weathering is less and limited to locations with higher moisture content (Simas et al., 2008) . It is the reason for the prevalence of sand fraction in finer particles (diameter less than 2 mm) ( Table 2 ). It should be noted, however, that in the soils at sites 4 and 7 formed on moraines, and classified as Regosols, the proportion of the silt fraction is higher, which in polar regions is connected to frost weathering. The clay fraction is low, which is associated with the young age of sediments/soils and low intensity of chemical weathering. Similar clay content in the soils of the polar zone was found by Vlasov et al. (2005) , Cannone et al. (2008) and Smykla et al. (2015) .
From Principal Component Analysis it can be concluded that silt and clay contents are positively correlated with base saturation and negatively with exchangeable hydrogen. However, they are not correlated with cation exchange capacity (Figure 3) . The pH values are also negatively correlated with exchangeable hydrogen, iron and boron.
Variability of nutrient content
The soil sampling scheme applied in the study enables comparison of the variability of the studied parameters within eight sites. Lithology and parent material is similar in the study area, therefore the variability of the studied soil parameters can be attributed to environmental variation and interaction between abiotic and biotic factors. Considerable variation in soil properties both between the study sites and within the sites was noted. The soil parameters change within, as well as among, the studied sites (Table 2, Short-range soil variability in a 10 × 10 m square was depicted by Beyer et al. (2000) .
For most studied sites, the coefficient of variation for pH, CEC and BS was below 15%, which is low, according to the scheme proposed by Wilding and Drees (1983 or to demonstrate the significance of differences between sites (objects) (Wilding and Drees, 1983) .
Nutrient abundance
In most of the studied soils the amount of plant-available phosphorous is high or even very high (sites 1, 2, 3, 5, 7) and mean amounts are 2-3-fold higher than the value regarded as high for soils (89 mg P kg
¬1
). Even soils that were uncovered by the glacier only several decades ago (site 7 -the youngest moraine of Ecology Glacier), contain high amounts of P. A similar tendency can be seen for potassium. It is assumed that in sandy soils the amount of 105 to 145 mg K kg -1 is high. Beside avian influence, potassium in soils is also related to the content of K in bedrock and to weathering of bedrock (Poelking et al., 2015) .
Plant-available magnesium is very high (more than 61 mg kg
), which can be attributed to the character of the parent rocks which are basalts and basaltic andesits rich in magnesium and typical of this part of Antarctica (Lee et al., 2004) . The amount of zinc is related to avian influence and is the highest at sites 1, 2 and 8. Enrichment in Zn is related to the transfer of this compound from the sea through the food chain (Michel et al., 2006) . The amount of plant-available copper is also high, especially at sites 1 and 2, influenced by ornithofauna.
The amount of plant-available nutrients in studied soils is comparable with arable soils of the temperate climate. However, soils affected by birds, especially of site 1 and 2 can be assessed as extremely over-fertilized by phosphorus. It is assumed that the eolian deposition sourced from soils influenced by penguins contributed to elevated status of plant available macro-and micronutrients in soils not directly affected by ornithofauna (e.g. Beyer et al., 2000; Lee et al., 2004) .
Nutrients and soil development
Among the studied sites, two soil groups can be distinguished. The first includes weakly developed soils, whose origin is associated with the accumulation of organic matter mainly of vegetation origin, including algae, lichens and mosses -sites 4, 6, 7 and 8. The organic matter content (LOI) in these soil ranges from 2.33 to 4.50%. The second group of soils includes Leptosols (sites 1 and 2) and Cryosols (sites 3 and 5) developed under the influence of current or former bird colonies. These soils contain much more organic matter (LOI from 6.36 to 12.46%) and more nutrients (Table 2 and 3) . Similar relationships were expressed in the Principal Component Analysis (Figure 4) . The literature highlights the profound impact of avifauna on the transport of nutrients from sea to land (Simas et al., 2008) . Piscivorous birds play a very important role in the circulation of nutrients such as N, P and K between aquatic and terrestrial ecosystems (Ligęza and Smal, 2003) .
Ornithogenic soils, due to the large nutrient content, are different from other polar soils which are poor in nutrients (Cannone et al., 2008) . The amounts of nitrogen and other nutrients in ornithogenic soils are affected by the processes of leaching and dispersion.
Under the humid maritime climate, there is a water percolation and lateral movement of the P-rich leachates (Simas et al., 2008) . areas. It is estimated that glacial retreat exposed such soils approx. 30 years ago. In contrast, exposure of the deposits at the II moraine of Ecology Glacier took place over 100 years ago (Birkenmajer, 2002; Pudełko, 2002) . Generally, TOC/TN ratio depends on the age of soils and it narrows down when the soil is developed under plant cover. It is related to the accumulation of nitrogen in humus compounds (Abakumov, 2010) . Therefore, the youngest soil of site 7
(The Youngest MEG) had TOC/TN ratio amounting to 50.82 on average, and the oldest soil at site 4 (II MEG) had TOC/TN ratio of 34.59 on average. The soil at site 8, which had low TVC (55%), had a wide TOC/TN ratio (37.24) as a result of mechanic disturbance of plant cover.
Conclusions
This study demonstrates that the advancement of soil can be released as a result of climatic changes.
